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Abstract 
 Modeling of heat loss from offshore buried pipelines is one of the major concerns for oil and gas 
industries. Offshore oil and gas production and thermal modeling of buried pipelines in Arctic 
regions are challenging tasks due to the harsh environmental conditions and hazards. Heavy 
components of crude oil start to precipitate as wax crystal when the fluid temperature drops. Gas 
hydrates also form when natural gas combines with free water at high pressure and low 
temperature. Significant heat loss may occur from offshore buried pipelines in the forms of heat 
conduction and natural convection through the seabed. The later can become more prominent 
where the backfill soil is loose or sandy. 
Theoretical shape factor model was widely utilized to estimate heat loss from buried pipelines. 
Several benchmark tests were performed to ensure the validity of the test using theoretical shape 
factor models which depend on the amount of heat flow, thermal conductivity and geometry of 
the surrounding medium.   
The degree of saturation of surrounding medium can play a significant role in the thermal 
behavior of fluid traveling through the backfill soil. This research presents several steady state 
and transient response analysis describing some influential geotechnical parameters along with 
test procedures for different parameters such as burial depth, backfill soil, trench geometries, etc. 
Several shutdown (cooldown) tests were performed to show the transient response in the dry and 
saturated sand medium. The outcomes of this research will provide valuable experimental data 
and numerical predictions for offshore pipeline design, heat loss from buried pipelines in 
offshore conditions, and efficient model to mitigate the flow assurance issues e.g. wax and 
hydrates.  
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Chapter 1 
1 Introduction    
 Background and Scope of Work 
The economy of many countries has experienced major turnarounds in recent years and most of 
which rely on the offshore and onshore oil sectors (Ewida et al, 2004). Due to significant 
discoveries of hydrocarbons in the Arctic region future production of Oil and Gas in that region 
will expand more in near future. Offshore oil and gas production in Arctic areas is challenging 
due to harsh environmental conditions. Thermal management of these assets is critical when the 
ambient temperature is low. Solid formation in the production path can have serious implications 
on production. The temperature of the soil-water system surrounding a submarine pipeline is 
usually much lower than the temperature of production fluids. The pipeline is constantly at risk 
of reaching low temperatures which may lead to critical problems such as excessive pressure loss 
due to phase changes and flow regime shifts, corrosion and erosion, wax build up, and hydrate 
formation which may lead to complete blockage of the pipeline (Sadegh et al, 1987). This 
significant temperature difference induces heat to flow from the oil to the environment. Heavy 
components of crude oil start to precipitate as wax crystal when the fluid temperature is low and 
the viscosity also increases upon a decrease in temperature which may block the pipelines. Gas 
hydrate also forms when natural gas combines with free water at high pressure and low 
temperature. For efficient transportation, it is necessary, therefore, that the crude be at a relativity 
high temperature so that it has a low viscosity. Passive insulation or active heating have been 
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used to mitigate these issues. In order to design these mitigation techniques, one should 
understand the complicated heat transfer mechanism through the saturated seabed backfill soil. 
Figure 1-1 is a typical gas hydrate curve which shows that if the working pressure is increased at 
a constant temperature (line A) or the temperature drops at a constant pressure (line B) the 
operational condition may fall into the hydrate region. The flow assurance analysis target is to 
keep the working condition in the "Non-Hydrate Region" or shifting the hydrate curve to the left 
(Guo et al, 2005). 
 
Figure 1-1: A typical gas hydrate curve. 
Several studies reported that heat loss from buried pipelines to surrounding medium is 
mainly due to the heat conduction. But recent studies show that, based on soil conditions heat 
loss from buried pipelines through natural convection can be significant due to water 
circulation in the sea bed soil. The type of seabed soil can vary from clay to gravel. 
Furthermore, the soil will be disturbed and become loose through the process of trenching 
and backfilling, which further increases the chance of natural convection. Pipeline thermal 
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response after shutdown (i.e. known as cool down time) is another important phenomenon to 
consider during operation of buried pipelines. Figure 1-2 illustrates a typical pipeline 
temperature history after the shutdown. The temperature should not fall below the critical 
temperature to prevent hydrate formation. The No Touch time is very important for the 
operators, and if it is long enough, it provides a good opportunity for the operator to find and 
fix the issue without executing additional procedures to prevent formation of hydrates. The 
no touch time can be increased providing extra insulation but it will increase the capital 
expanditure. Thermodymic inhibitors such as methanol or mono ethelene glycol (MEG) can 
also be used to shift the hydrate curve towards the left, preventing the pipeline from 
becoming blocked. 
 
Figure 1-2: Unsteady state process after pipeline shutdown. 
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 Objectives of the Research 
The research work is mainly based on experimental analysis. Though some early stage numerical 
analysis were performed with dry sand medium to validate the experimental model along with 
theoretical models. The objectives of this thesis work can be described as follows:    
 Design of experiment and validation of the experimental process with theoretical 
proposed model to calculate heat loss from offshore buried pipeline; 
 Provide an insight of the heat loss phenomena from buried pipeline in offshore conditions 
using experimental results; 
 Conducting several tests with different parameters describing some geotechnical 
parameters; 
 Performing several cooldown (shutdown) tests to capture the transient behaviour of the 
buried pipeline; and 
 Provide suggestions for future research based on the observations of the present work and 
discuss the limitations of the present research. 
 Organization of the Thesis 
 Chapter 1: The first chapter addresses the background and aim of the proposed research. 
The desired outcome of the research explained here briefly. 
 Chapter 2: This chapter covers a literature review related to modelling of heat loss from 
offshore buried pipelines, discuss several geotechnical and heat transfer parameters and 
uncertainty analysis. 
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 Chapter 3: Design of experiments with detailed explanation of methodology to perform 
the tests are presented in this chapter.  
 Chapter 4: This chapter illustrates the outcomes of the research for different parameters 
along with discussion and conclusions. 
 Chapter 5: This chapter summarizes the major findings, conclusion of work, and 
possible future recommendations to continue the research. 
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Chapter 2 
2 Literature Review 
  General Problem Definition 
Different modes of heat transfer from a typical offshore buried pipeline are shown in Figure 2-1. 
Heat loss through conduction has been assumed the most prominent mode of heat transfer among 
them (Barletta et al, 2008). High porosity and permeability of the backfill soil with a very loose 
state compared to original undisturbed soil, can lead to an increase in natural heat convection 
around the buried pipeline (Atwan et al, 2005). Grain size is one of the important soil parameters  
 
Figure 2-1: Heat transfer from a buried pipe into sea water. 
that significantly affects permeability and convection heat transfer (natural and forced) in porous 
media. Different grain size is expected in varying offshore locations from sand to clay. Most of 
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the existing heat transfer models are limited to a special soil material. For example, Atwan and 
Sakr (2005) studied heat transfer from a buried horizontal cylinder in saturated soil using both 
numerical and experimental methods. The sand grain size in their study is 2.7 (mm) which is 
considered as a large size. They showed that therefore, there is a need for heat transfer models 
for a range of possible seabed soil properties for offshore oil and gas projects. 
2.1.1  Backfill Effects on Heat Transfer  
 
During the trenching and backfill process for offshore pipelines, soil properties change due to 
change in the water saturation level. Therefore, the backfill soil does not have same density, 
conductivity, etc. as the original soil. The soil thermal conductivity depends on grain-size 
distribution, dry density, moisture content, and mineral composition (Wintehkorn et al, 1960). In 
the existing heat transfer models including the shape factors, the soil properties around the pipe 
have been assumed uniform. Vollaro et al. (2011) is one of the rare numerical studies 
considering different backfill soil properties. Based on the nature of their study i.e. onshore, they 
only solved heat conduction in the soil, and the effects of heat convection have been neglected. 
Furthermore, a constant soil surface temperature has been assumed, that is not applicable to 
offshore applications due to the effects of natural and forced convections in the sea water. 
Zakarian et al. (2012) studied heat transfer from partially and fully buried offshore pipelines, but 
they assumed uniform soil properties and a fixed convection heat transfer coefficient on the 
surface which are limitations of their study. The heat conduction coefficient also changes during 
the trench and backfill process. The soil thermal conductivity is usually a function of different 
parameters such as saturation level, dry density, temperature, moisture content, grain size/shape, 
mineralogy, and volumetric ratios of solid, liquid, and gas phases. The soil properties change 
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significantly during the trenching and backfill process. Compare to the original soil, the backfill 
soil is in a very loose state due to the increase in water content and other effects. The backfill soil 
usually possesses high porosity and permeability leading to an increase in natural heat 
convection around the buried pipe.  
 
Figure 2-2: Grain size chart (Wentworth,1922) 
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2.1.2 Pipeline Burial 
Pipeline burial and trenching in some offshore developments are now one of the prime methods 
to avoid ice gouge, icebergs, and other threats. Pipeline trenching has been traditionally 
performed using jetting, but other methods such as mechanical ploughing and cutting has also 
been used in recent years. Selecting a trench technique depends on the sea bed and geotechnical 
conditions which should be assessed before the design process. In general, pipeline trenching can 
be performed before or after pipe laying.  
In the jetting method, a high-pressure water flow generated in nozzles expels the soil. The 
nozzles are places beneath the sea bed. Jetting systems may be mounted on Remotely Operated 
Vehicles (ROVs) or separate machines towed by vessels. Vessels may also tow large ploughs, 
another method of trenching, to create a buried pipeline route. The plough systems usually have 
skids in front and rear of them, cutting the soil and push it upward. These systems also include 
guides to lift a pre-laid pipeline if necessary. The third trenching method involves mechanical 
cutters. The cutting machines are often able to create trenches with different cross section shapes 
by controlling the position of their multiple rotating cutting blades. These three methods can also 
be used combined. 
After laying the pipeline in the trench, a vertical penetration might happen depending on the pipe 
relative density and soil properties. For permeable soils, the vertical penetration can be estimated 
as:  
wd
d
=
Vult d⁄
kvp
 
(2.1) 
where wd is the vertical penetration, d is the pipeline diameter, Vult is the vertical pipe-soil force  
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per unit length of the pipeline, and kvp is the plastic stiffness.  
Vult
Su,invert d
= 6 (
w
d
)
0.25
 
(2.2) 
where Su,invert is the shear strength at the pipeline invert (Randolph et al, 2011).  
2.1.3 Porous Medium Thermal Conductivity 
The heat conduction through a porous medium occurs in two parallel paths: through the soil 
grains and through the fluid filled the pores. Thermal conductivity of the porous medium can be 
defined as: 
k = Φkf + (1 − Φ)ks (2.3) 
where Φ is the porosity, kf is the thermal conductivity of the fluid, and ks is the thermal 
conductivity of the soil. This can be shown by integrating the energy conservation over a control 
volume of a homogeneous porous medium (Bejan,2013). 
 Shape Factor and Other Models 
There are several models developed to represent the heat transfer from a buried pipeline. A 
classic approach is the two-dimensional heat transfer analysis using a Shape Factor model: 
Q = k S ΔToverall (2.4) 
Where “S”, the Shape Factor is: 
S =
1
k ∗ R
 
(2.5) 
This model holds the following assumptions: 
 11 
 
 Long pipe, so the problem can be assumed two dimensional 
 Uniform soil properties around the buried pipe 
 Isothermal pipe outer surface and soil surface 
At present, there is no general formula available for predicting the stationary conduction shape 
factor for complex system. For simple component shapes and isothermal heat conduction shape 
factors for infinitely long hollow cylinder, flat plate, hollow spheres can be used. To determine 
the shape factor for complex geometry it is necessary to recognize a coordinate system 
appropriate for the geometry. Assuming the isothermal boundary condition, the temperature 
distributions can be obtained and local heat flux can also be calculated from the temperature 
distribution. The thermal resistance of the of the component is obtained from the definition of 
thermal resistance: total temperature drop across the component divided by the total heat flow 
rate. Estimating all the parameters with conduction shape factor thermal conductivity can be 
derived from Equation (2.4). 
The shape factor, S, for a buried pipe can be determined using the following model (Hahne and 
Grigull, 1975): 
S =
{
 
 
 
 
 
 
2πL
cosh−1(D r⁄ )
L ≫ r
2πL
ln(2D r⁄ )
L ≫ r and D > 3r
2πL
ln
L
r [1 −
ln(L 2D⁄ )
ln(L r⁄ )
]
D ≫ r and L ≫ D
 
 
(2.6) 
where D is the burial depth to the pipe centerline, L is pipe length (i.e. unit in most thermal 
analysis), and r is the pipe radius, as shown in Figure 2-3. 
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Figure 2-3: Buried pipe nomenclature. 
As the power requirements and temperature difference are known from experimental analysis, 
Equation (2.4) has been used to calculate the experimental shape factor and compare those with 
the model proposed by Hahne and Grigull, 1975 (i.e. Equation (2.6) in the present study). 
Thiyagarajan and Yovanovich, 1974 also proposed a model with constant flux boundary 
condition for thermal resistance (Equation 2.7) which can be used in conjunction with Equation 
(2.5) to calculate the shape factor as well. 
R =
η0
2πk
+
1
πk
∑
e−2πη0
n
∞
n=1
tanh(nη0) 
 
(2.7) 
   Where,  
η0 = cosh
−1 (
D
r
) 
(2.8) 
Different models have been suggested for effective radius. If the soil surface is at a uniform 
convection boundary condition, h, the shape factor can be approximately calculated using Eq. 
(2.6). with an equivalent burial depth calculated as follows (Schneider, 1973): 
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D′ = D +
k
h
 (2.9) 
Archer and O'Sullivan,1997 developed two models (i.e. the effective cylinder model where the 
burial medium is approximated by an annular region and a half space model that contains a more  
realistic region with the pipe located at its real depth). Effective cylinder model calculates 
effective diameter based on pipe diameter, burial depth, and Biot number. Non-homogeneous 
half space is common for buried heat transfer analysis. The thermal properties of soils are 
important in a variety of applications, including the thermal performance of buried pipelines and 
geothermal heat pumps. For a half space model and using the Bau and Sadhai (1982) 
approximation, they expressed the average heat flux per unit pipe surface area, q by the 
following equation:  
q =
QL
2πri
=
Ske(Tp − To)
ri
 
(2.10) 
 
 
Figure 2-4:The effective cylinder model (left) and the simplified buried pipeline definitions (right), from 
Archer at al. (1997). 
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Figure 2-5: Approximating backfill effects (conduction) using the bi-polar coordinate system, from Archer et 
al. (1997). 
 
 Geotechnical Parameters: 
It is important to know about the influential geotechnical parameters (Craig,2013) and their 
effect on the heat loss mechanism in order to design the experimental setup efficiently. 
2.3.1 Water Content, w: 
The water content is determined by weighing a sample of the soil and then drying the sample in  
an oven at a temperature of 105-110oC and reweighing. Drying period should be normally 24 
hours.  
w =
Mw
Ms
 
(2.11) 
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2.3.2 Degree of Saturation, Sr: 
It is the ratio of volume of water to the volume of void space. The degree of saturation can range 
between zero for a completely dry soil to 1(100%) for a fully saturated soil. 
Sr =
Vw
Vv
 
(2.12) 
2.3.3 Void Ratio, e: 
The void ratio, e is the ratio of the volume of voids to the total volume of solids i.e.: 
e =
Vv
Vs
 
(2.13) 
2.3.4 Porosity, n: 
It is the ratio of volume of voids to the total volume of the soil, i.e.: 
n =
Vv
V
 
(2.14) 
The void ratio and the porosity are inter-related as follows: 
e =
n
1 − n
 
(2.15) 
n =
e
1 + e
 
(2.16) 
2.3.5 Specific Volume, v: 
It is the total volume of soil which contains unit volume of solids, i.e. 
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v = 1 + e (2.17) 
2.3.6 Air Content or Air Voids, A: 
Air voids is the ratio of the volume of air to the total volume of soil, i.e. 
 
A =
Va
V
 
(2.18) 
2.3.7 Bulk Density, ϸ: 
The bulk density of a soil is the ratio of the total mass to the total volume i.e.: 
 
ϸ =
M
V
 
(2.19) 
 
2.3.8 Specific Gravity, Gs: 
The specific gravity of soil particles (Gs) is given by: 
Gs =
Ms
Vsϸw
=
ϸs
ϸw
 
(2.20) 
Here, ϸw is the density of water and ϸs is the particle density. Gs is a dimensionless number and 
several expressions can be derived using that. 
If the volume of solids is 1 unit then the volume of voids is e units. The mass of solids is then 
Gsϸw and from water content, the mass of water is wGsϸw. So, the degree of saturation can be 
expressed as: 
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sr =
wGs
e
 
(2.21) 
The bulk density of soil can be expressed as: 
ϸ =
Gs(1 + w)
1 + e
ϸw 
(2.22) 
Using Equation (2.21), Equation (2.22) can be rearranged as: 
ϸ =
Gs + sre
1 + e
ϸw 
(2.23) 
2.4 Thermo-fluids Dimensionless Groups 
2.4.1 Reynolds number 
The Reynolds number, Re, is traditionally defined as: 
Re =
ρUL
μ
 
(2.24) 
and represents the ratio between inertial and shear stress forces. In the equation above 𝜌 is fluid 
density, 𝑈 is velocity, 𝐿 is a characteristic length, and 𝜇 is fluid viscosity. Reynolds number is 
mostly used to determine whether a flow is laminar or turbulent. 
2.4.2 Prandtl number 
The Prandtl number, Pr, is defined as follows: 
Pr =
υ
α
=
μcP
k
 
(2.25) 
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and is the rate of momentum diffusion versus the rate of thermal diffusion. In the equation above, 
𝜐 is momentum diffusion, 𝛼 is thermal diffusion, 𝑐𝑃 is the specific heat capacity, and 𝑘 is the 
thermal conductivity.  
2.4.3 Biot number 
The Biot number, Bi, is defined as follows: 
Bi =
hL
kb
 
(2.26) 
and provides a ratio of the thermal resistance inside and at the surface of a body. In the equation 
above, ℎ is the convective heat transfer coefficient at the surface, 𝐿 is a characteristic length, and 
𝑘𝑏 is the thermal conductivity of the body.  
2.4.4 Nusselt number 
The Nusselt number Nu, , is defined as: 
Nu =
hL
k
=
qL
k(Ts − T∞)
 
(2.27) 
and is a dimensionless heat transfer rate, defined based on the difference between surface 
temperature, 𝑇𝑠, and ambient temperature, 𝑇∞, for external flows. In the equation above, ℎ is 
convective heat transfer coefficient, 𝑘 is the thermal conductivity of the fluid, and 𝑞 is heat flux.  
2.4.5 Rayleigh number 
The Rayleigh number, Ra, is defined as follows: 
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Ra =
gβ∆TL3
αυ
 
(2.28) 
and represents the strength of buoyancy forces. When Rayleigh number is low, the conduction is 
the dominant heat transfer mode. At high Rayleigh numbers, the heat transfer is mostly in the 
form of convection. When natural convection in porous media is of interest, a Darcy-modified 
Rayleigh number is used: 
Ra =
Kgβ∆TL
αυ
 
(2.29) 
In the equations above, K is the porous medium permeability, g is gravitational acceleration, and 
β is fluid’s volume expansion coefficient at constant pressure: 
β = −
1
ρ
(
∂ρ
∂T
)
P
 
(2.30) 
If the fluid is not necessarily an ideal gas, density decreases slightly with an increase in the 
absolute temperature. This can be modeled using a first order Taylor series expansion as follows: 
ρ ≅ ρ∞[1 − β(T − T∞) + ⋯ ] (2.31) 
2.4.6 Grashof number 
The Grashof number, Gr, is defined as: 
Gr =
gβ∆TL3
υ2
=
Ra
Pr
 
(2.32) 
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and represents the ratio between buoyancy forces and viscous forces. Grashof number is used to 
determine whether a flow in a natural convection process is laminar or turbulent. Natural flows 
with low Grashof numbers are laminar, and at high Grashof numbers the flow is turbulent. 
 Convection Heat Transfer in Soil 
After the burying process, the backfill soil properties do not match the native properties. 
Hydraulic conductivity, or permeability, increases significantly after the trenching and 
backfilling process. This will cause even more heat loss from buried pipe through natural 
convection heat transfer in the soil. A porous medium is a solid structure with voids which are 
internally connected and make random shaped passes through the solid material. The volume 
fraction of the porous material that is occupied by void space is called porosity,  
Φ. Therefore, 1 − Φ is the volume fraction that is occupied by solid. Having defined the 
porosity, the continuity equation (mass conservation) for a control volume is: 
Φ
∂ϸf
∂t
+ ∇. (ϸ𝑓v⃗ ) = 0 
(2.33) 
where ϸ𝑓 is fluid density, and v⃗  is Darcy velocity i.e. average of fluid velocity over total volume. 
In modeling fluid dynamics in porous media, the momentum equation is replaced by Darcy law. 
The Darcy law in vector form is: 
v⃗ =
K
μ
(−∇P⃗⃗⃗⃗  ⃗ + ρg⃗ ) 
(2.34) 
where K is an empirical constant called permeability. √K is a length scale that represents the 
effective pore diameter and can be used to define the Reynolds number as follows: 
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Re =
u√K
υ
 
(2.35) 
The Darcy law assumes that the local Reynolds number does not exceed the range 1-10. Greater 
Reynolds numbers lead to non-linear drag where the form drag caused by hitting solid obstacles 
is comparable to friction due to surface. For this Reynolds number range Dupuit (1863) and 
Forchheimer (1901) suggested the following equation (known as Forchheimer’s equation): 
∇P = −
μ
K
v −
cF
√K
ρf|v|v 
(2.36) 
 cF is defined as: 
cF = 0.55 (1 − 5.5
𝑑𝑠
De
) 
(2.37) 
where 𝑑𝑠 is the sphere diameter and De is the equivalent bed diameter as follows: 
De =
2w𝑏h
w𝑏 + h
 
(2.38) 
and w𝑏 and h𝑏 are width and height of the bed, respectively.  
There is another alternate to Darcy’s equation known as Brinkman’s equation: 
∇P = −
μ
K
v + μ̃∇2v (2.39) 
The equation above has also been referred to as “Brinkman’s extension of Darcy’s law” 
(Rubinstein, 1986). There are two viscous terms in the Brinkman’s equation, the first one is the 
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Darcy viscous term, and the second one is analogous to non-linear term in Navier-Stokes 
equation. 𝜇 is an effective viscosity (Nield and Bejan, 1999).  
2.6 Effects of Degree of Saturation on Thermal Conductivity  
Prior studies described that thermal conductivity and hydraulic conductivity increases sharply up 
to approximately 70% of degree of saturation. Figure 2-6 shows field measurements of thermal 
conductivity obtained by Cass et al. (1984) for unconsolidated soil at various moisture contents. 
The values at low water saturations appear to have a slope distinctly different from the slope seen 
at higher water saturations. However, several previous studies also reported that under  
 
Figure 2-6: Effect on Thermal conductivity at various degree of Saturation (Case et al,1984). 
atmospheric pressure the degree of saturation may be increased by displacing air in sand with 
CO2, slow permeation from the base up, de-airing water before introducing into sand, and 
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passing a number of pore volumes of water through the sample. Therefore, the sand used for this 
research was saturated under atmospheric pressure.   
2.7 Statistical and Uncertainty Analysis 
2.7.1 Shapiro- Wilk Test 
Shapiro-Wilk test is a test for the checking the normal distribution of the data. It works with the 
null hypothesis principle to check whether a sample came from normally distributed population 
or not (Royston, 1992). 
The test statistic is defined as: 
W =
(∑ ai
n
i=1 xi)
2
∑ (xi − x̅)2
n
i=1
 
(2.40) 
Where, 
𝑥𝑖 is the value of the sample for corresponding i
th order.  
?̅? is the sample mean 
a1………an =
mTV−1
(mTV−1V−1m)
1
2
 
(2.41) 
Where, 
m = (m1………mn)
T (2.42) 
 𝑚1………𝑚𝑛 are the expected values of independent and randomly distributed identical random 
variables sampled from normal distribution and V is the covariance matrix of those order of 
statistics. 
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2.7.2 Welch’s t Test  
Welch’s t-test is a statistical tool to check the statistical stability of the output. Welch’s t-test is 
often referred to as unequal variances t-test as it assumes the normal distribution of the data and 
unequal variances (Johnson and Wichern,1992). For this research the null hypothesis was 
checked with Welch’s t-test and t value in Welch’s test is defined as:  
t =
Y1̅ − Y2̅̅̅
√
s12
N1
+
s22
N2
 
(2.43) 
Where, 𝑌1̅ and 𝑌2̅ are the sample means, 𝑠1
2 𝑎𝑛𝑑 𝑠2
2 are the sample variances, 𝑁1 and 𝑁2 are the 
sample sizes of analytical and experimental outputs. The degree of freedom associated with the 
analysis can be estimated using the following equation: 
ν ≈
(
s1
2
N1
+
s2
2
N2
)
2
s14
N1
2 ∗ ν1
+
s24
N2
2 ∗ ν2
 
(2.44) 
2.7.3 Uncertainty Analysis 
The uncertainty analysis for an experimental setup gives an overview to estimate the overall 
performance of the setup and suitability of the outputs (Holman,1966). 
Equation (2.45) represents the governing equation to measure the shape factor. 
S =
Q
k ∗ ∆T
 
(2.45) 
Uncertainty for the experimental outputs can be calculated using Equation (2.46). 
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𝑤𝑠 = 𝑆 ∗ [(
𝑎𝑄 ∗ 𝑤𝑄
𝑄
)
2
+ (
𝑎𝑘 ∗ 𝑤𝑘
𝑘
)
2
+ (
𝑎∆T ∗ 𝑤∆T
∆T
)
2
]
1
2 
(2.46) 
Here, 𝑤 is the associated uncertainty. Comparing with Equation (2.45) the following parameters 
can be obtained. 
𝑎𝑄 = 1; 𝑎𝑘 = −1; 𝑎∆T = −1 
 
The associated uncertainty with ∆T can be expressed generally as: 
𝑤∆T = [∑(𝑎𝑖 ∗ 𝑤𝑇𝑖)
2
]1/2 (2.47) 
Here,                                                     ∆T = T1 − T2; 
𝑎1=
𝛿∆T
𝛿T1
  and 𝑎2=
𝛿∆T
𝛿T2
 (2.48) 
The accuracy of the devices used in the experiments were taken from user manuals and accuracy 
of temperature measurement was taken from calibration data of the RTDs to measure the overall 
uncertainty. 
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Chapter 3 
3 Experimental Analysis 
 Design of Experiment 
The testing program includes several steps and design of experiment is one of the important 
aspects of this thesis. Figure 3-1 shows the schematic diagram of the experimental setup. A 
cylindrical cartridge heater was utilized as the pipe model in these experiments to model the 
warm buried pipeline. The temperature of the heater can be adjusted using control panel. The  
 
Figure 3-1: Schematic diagram of the experimental setup. 
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sand and the heater were placed in a test box, referred to hereon as soil box. The experimental 
setup required the boundary temperature to be close to 0oC, to match the ambient temperature 
presumed in seabed environment. The easiest way to achieve this thermal boundary condition 
was to insert the soil box inside a larger box and fill the space between the walls and bottoms 
with an ice-water mixture. This larger box is referred to as ice-water containing box. All the 
temperatures sensed by several thermistors placed at different locations and current passing 
through the heater was recorded using a data acquisition system. 
The initial challenge for this research was to design and fabricate the experimental setup due to 
the large number of parameters involved in modeling the experiment. The main challenges to 
address before proceeding with the benchmark tests were as follows: 
 Design of the soil box that would eliminate the boundary effects and hold vacuum 
pressure during saturation process; 
 Determine the pipe and heater sizing with power requirements; 
 Design of the ice water containing box; 
 Choosing sand based on the grain size and its effect on hydraulic and thermal 
conductivities; and 
 The temperature control panel modifications. 
Based on several numerical predictions and facilities available, the experimental setup has 
been fabricated and established, as discussed in the following sections. 
3.1.1 Pipe Model 
A cylindrical cartridge heater has been utilized as the pipe model in these experiments to model 
the warm buried pipeline. The cartridge heater has been used instead of a real small diameter 
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pipe to minimize the electrical noise and the power requirements as shown is Figure 3-2. The 
heater or pipe model has been buried in the sand medium at various burial depths during the 
tests. 
 
Figure 3-2: Cylindrical Cartridge Heater used in the experiment. 
The cartridge heater has the following specifications which has been illustrated in Table 3-1: 
Table 3-1: Cartridge Heater Specifications 
Diameter 12.6 mm (0.5 inch) 
Wattage 275 Watt (maximum) 
Brand Watlow 
Lead End No Heat 1.97 inches 
Accuracy +5%, -10% 
Volts 120 
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3.1.2 Soil Box and Soil Type 
 One of the most important aspects of the experiment setup was to design the test box which has 
significant effects on the costs, efforts, and time. As estimated in our early numerical 
simulations, if the soil box dimensions are at least 15 times the pipe diameter, in each direction 
away from the circumference of the pipe, then the boundary effects become negligible. Table 
3-2. summarizes the results of the numerical modeling of the boundary effects by varying the soil 
box domain size and shows the differences of power obtained between numerical simulations 
and theoretical shape factor model. If possible, a wider soil box is recommended (20d or 25d) to 
eliminate the boundary effects even further. While conducting the tests, the soil box contained 
the soil with the properly positioned heater and thermistors. There is a lid to cover the soil box 
with the help of a gasket, nuts and bolts. The soil box has been completely sealed and several 
benchmark tests with dry sand have been carried out using the box. The soil box has been 
designed to hold vacuum pressures so it can be used to saturate the soil under vacuum as 
required for the future tests. Figure 3-3 shows a drawing of the soil box and Figure 3-4 shows the 
soil box filled with dry silica sand (test sand) and buried pipe in it. The soil box used for the test 
has of following specifications: 
 Material: Mild Steel 
 Soil Box Dimension: 1.2m × 0.62m × 0.36m 
 Soil used: Silica Sand 
 Average Thermal Conductivity of the Soil: 0.236 W/m-k. 
 Bulk Density of Soil: 1565 Kg/m3 
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Table 3-2:Thermal boundary effects at different soil box dimensions compared to the shape factor model. 
Case Qpipe (W) Difference from 
theoretical shape 
factor model (%) 
10d 87.08 2.2 
15d 87.98 1.1 
20d 88.2 0.9 
25d 88.36 0.7 
30d 88.66 0.4 
 
 
Figure 3-3: CAD drawing of the soil box. 
 
Lid 
Extension 
Main Frame 
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Figure 3-4: Soil box filled with dry sand. 
3.1.3 Ice Water Containing Box 
The experimental setup required the boundary temperature to be close to 1oC, to match the 
ambient temperature presumed in seabed environment. The easiest way to achieve this thermal 
boundary condition was to insert the test box inside a larger box and fill the space between the 
walls and bottoms with ice-water mixture. The required size of the outer box was estimated using 
the amount of energy that needs to be removed from the soil system to achieve the steady state 
temperature conditions. This depends on the initial temperature of the soil, soil mass, and soil 
heat capacity; assuming that, the time required for the cooling process is not extremely long and 
we have access to the required amount of ice. The energy that has to be removed from the soil is: 
  QE = mc∆T (3.1) 
 
 32 
 
And the amount of ice required is: 
mice =
QE
h
 
(3.2) 
Where, ℎ is the ice latent heat. 
Figure 3-5 shows the ice-water box which is made of wood. To contain the ice-water mixture 
and to prevent heat circulation, there is 4 inches of Polystyrene insulation around the box sides, 
top, and bottom. Also, a continuous polyethylene tarpaulin is used over the insulation to prevent 
water leakage. After putting crushed ice into the box to a certain level, the soil box has been 
placed to appropriate position inside it with the help of a 3-ton capacity overhead crane. Then, 
more ice and water is added into the surrounding gaps. The ice-water mixture has been added in 
such a way that it maintains 0oC temperature around the soil box. If the temperature starts to go 
higher than 1oC, more ice blocks in smaller pieces are added to the system to maintain the desire 
temperature. The box is covered by a lid made with 2-inch-thick polystyrene insulation foam. 
The specifications for the wooden box are given as follow: 
 Material: Plywood and 2”x 4” lumber 
 Dimension: 1.85m × 1.32m × 1.22 m 
 Inside Insulation Material: Polystyrene (4-inch thickness) 
 Lid: 2-inch Polystyrene Foam. 
The ice blocks are made using ice making pans in the cold room facility of the laboratory at a 
temperature from -20oC to -25oC. The ice pans have the following specifications: 
 Materials: Mild Steel (painted) 
 Dimension: 0.91 m × 0.91m × 0.13 m 
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Figure 3-5: Ice-Water containing box. 
3.1.4 Resistance Temperature Detectors (RTD’s) 
Resistance Temperature Detectors or RTDs work on the principle that electrical resistance varies 
with temperature change of RTD elements. They are also commonly referred to as Resistance 
Thermometer. RTD’s are the most accurate sensors for industrial applications and slowly 
replacing the use of thermocouples in low temperature applications due to their high accuracy 
and repeatability. Common RTD sensing elements are Platinum, Nickel or Copper and they have 
repeatable resistances over an operating temperature range (Rosenberg,1994 and Chandra,2015). 
In this experiment, several RTDs have been used to measure temperatures at different locations 
of the soil box, pipe model, and boundaries. RTDs are used in this experiment rather than 
thermocouples because of their wider range of application, higher accuracy, long term stability 
and good interchangeability. The RTDs are connected to the data acquisition system using male 
port connector as required by the system. One sample RTD used in the experiments is shown in 
the Figure 3-6. The operating temperatures of the RTDs ranged from -30°C to 100°C. The RTDs 
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also had an accuracy of ±1 °C. To ensure the accuracy of the temperature measurement, each 
RTD was calibrated at different temperature ranging from -5°C to 80°C. 
 Number of RTDs used for benchmark test: 14 
 Number of RTDs used for Saturated Soil test :18 
 
Figure 3-6: Resistance Temperature Detector. 
 
3.1.5 Thermal Property Analyzer 
The KD2 Pro-Thermal Property Analyzer has been used to measure the thermal conductivity, 
thermal diffusivity and volumetric heat capacity of the soil at different conditions. The TR-1 
sensor is used to measure the conductivity of the soil as it is generally designed to measure the 
thermal conductivity of the granular materials. Its large diameter needle helps to minimize the 
error from contact resistance in granular sample conforming the IEEE 442-03 guide for Thermal 
Resistivity Measurement. This type of needle usually consists of a heater and temperature sensor. 
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During measurement, a current is passed through the heater and sensor records the temperatures 
which are used to measure the thermal conductivity (KD2 Pro Operator’s Manual). 
To measure the volumetric heat capacity and thermal diffusivity, the dual needle SH-1 sensor is 
used as shown in the Figure 3-7. Heat is applied to one of the needles for a definite heating time 
and the temperature is measured in the other needle, the monitoring needle, at a 6-mm distance 
during the heating and cooling periods.  
 
Figure 3-7: KD2 Pro Thermal Property Analyzer. 
The specifications are given as follows (KD2 Pro Operator’s Manual): 
 
 Operating Temperature:  
 Controller: 0oC to 50oC 
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 Sensors: -50oC to 150oC 
 TR1 Sensor (for measuring Thermal Conductivity): 
 Range: 0.1 to 4.00 W/m-K 
 Accuracy: ±10% from 0.2-4 W/m-K, ±0.02 from 0.1-0.2 W/m-K 
 SH1 –Dual Needle Sensor (for measuring Thermal Diffusivity and Heat Capacity): 
 Range: 0.1 to 1 mm2/s (Thermal Diffusivity) ,0.5-4 MJ/m3K (Volumetric 
Heat Capacity) 
Accuracy: ±10% for both thermal diffusivity and volumetric heat capacity at conductivities 
above 0.1 W/m-K. 
3.1.6 Temperature Control Panel and Data Acquisition System 
A temperature control panel with relay control has been installed to adjust the temperature of the 
pipe model (i.e. the cartridge heater). In the panel, the temperature of the pipe model can be 
increased or decreased by adjusting the heater current that flows through it. The temperatures 
from different locations monitored by RTD’s have been recorded for post processing using a 
Data Acquisition System (DAQ) and a computer as shown in. The DAQ system used for the 
experiments is of following specifications: 
 Data Acquisition System 
 Brand: HBM 
 Type: QuantumX MX840A universal amplifier boxes 
 Number of channels available: 24  
 Sample Rate: For RTDs 1 Hz, For Current 200 Hz 
 Software Used: Catman 
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 Benchmark Tests 
The purpose of the benchmark tests (dry sand tests) was to validate the experimental model 
using the model developed by Hahne and Grigull (1975) and Thiyagarajan and Yovanovich 
(1974) which represent Equation (2.6) and Equation (2.7), respectively, and with numerical 
simulations. Figure 3-1 shows the schematic diagram of the benchmark tests performed to 
ensure the validity of the model prepared. After placing the sand in thin lifts inside the soil 
box, 3.2 kPa of pressure was applied manually using a dead weight for every 2 cm of soil bed 
thickness to ensure uniform density distribution of the sand. Several thermistors were 
positioned in different locations to capture the temperatures in the different regions of the soil 
model. The lid of the soil box was completely sealed using gasket and nut-bolts to ensure the 
dryness of soil medium as it was placed inside the ice-water containing box (Figure 3-5) to 
maintain the targeted boundary conditions. Before placing the soil box inside the ice water 
containing box it was ensured to have enough ice below the soil box. After putting ice- water 
in the surrounding gaps in a fashion to have boundary temperature close to 0oC, the test was 
started. For each burial depth, at first the heater temperature was set at 25oC and the 
temperatures from various positions of soil model were recorded. The power of heater was 
calculated using current amount required to maintain the set temperature of the heater. The 
heater temperature was gradually increased when the system reached to steady-state for 
previous temperature setting of the heater. The tests were also conducted backward i.e. 
decreasing the temperature of the heater gradually (was set to same temperature while 
increasing) and all steady-state data were recorded for calculations. Several cool down or 
shut down tests were also performed to analyze the transient response of the pipeline during 
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shut down. The shut down tests were conducted by turning off the heater from power source 
and recording all the temperatures while the system was cooling down. 
 Saturated Tests 
The benchmark tests showed deeper burial depths result in better agreement with analytical 
models. This will be discussed in chapter 4 in more details. So, the saturated tests were 
performed burying the pipe model (heater) at the depths of 4.04d and 4.48d. Like benchmark 
test, saturated tests were conducted in both forward and backward directions as well as some 
cooldown analysis. 
3.3.1 Sample Saturation of Test Sand  
The experiment was carried out using a container filled with fine silica sands. The weight of dry 
sand was measured from weight difference of container filled with sand and empty container 
using platform scale. The thermal conductivity of dry sand was also measured.  Then water was 
allowed to pass from a water container slowly into the sand under atmospheric pressure and 
controlled by a valve as shown in Figure 3-8. The excess water from the top of container was 
taken out carefully using paper towel. The water content was also approximated from the mass 
difference.  The parameters for calculations were taken carefully as shown in Table 3-3. 
Table 3-3:Parameters obtained from sample saturated test. 
Void Ratio, e 0.7 
Relative Density, Dr 82.8% 
Porosity of Sand, n 0.41 
Degree of Saturation, Sr 66.5% 
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The degree of saturation obtained from the test was 66.5 %, and as discussed before, several 
previous studies reported that under atmospheric pressure the degree of saturation may be 
increased by displacing air in sand with CO2, slow permeation from the base up, de-airing water 
before introducing into sand, and passing several pore volumes of water through the sample. 
Several studies discussed thermal conductivity and hydraulic conductivity increases sharply up 
to approximately 70% of the degree of saturation of the soil (Zhang, 2014 and Tarnawski et 
al, 2013). Because of having 66.5% degree of saturation of the sand used from the sample test, 
the future tests were conducted using sand saturated under atmospheric pressure rather than 
using vacuum. 
 
 
Figure 3-8: Sample test to measure degree of saturation of test. 
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3.3.2 Saturated Tests 
Table 3-4. shows the parameters and test conditions of the conducted saturated tests. 
Table 3-4:Parameters obtained from sample saturated test. 
Test Test Condition 
Uniform test 
Uniform saturated sand at burial depth, D/d= 4.04. 
Grain size: maximum 0.7 mm, minimum 0.08 mm. 
Open trench test 
The heater placed in the open trench at same depth 
i.e. D/d= 4.04, no backfill. 
Backfill test 1 
The trench is backfilled with larger grain size sand 
than the native sand at burial depth, D/d= 4.04. Grain 
size: maximum 0.84 mm, minimum 0.5 mm. 
Backfill test 2 
The condition is same as Backfill test 1 except at a 
greater burial depth of D/d= 4.46.  Grain sizes: 
maximum 0.84 mm, minimum 0.5 mm. 
Backfill test 3 
The trench is backfilled with larger grain size sand 
than Backfill test 1 and Backfill test 2 at burial depth, 
D/d= 4.04. Grain Sizes: maximum 2.0 mm, minimum 
1.4 mm 
 
Table 3.5. shows the hydraulic conductivity coefficient obtained using D10 and D60 value of the 
sands after sieve analysis. D10 and D60 values are widely used for gradation of the soil. D10 is 
the grain diameter at 10% passing and D60 is the grain diameter at 60% passing. D10 is also 
called effective grain size, which gives a good indication of the permeability characteristics of a 
coarse-grained soil and can be obtained as (Craig,2013): 
K = D10
2 ∗ 10−2 (3.3) 
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Table 3-5. illustrates the hydraulic conductivity coefficients for different sands use in the 
experiments. Hydraulic conductivities can be obtained using Eq. (3.3) using the D10 value 
obtained through sieve analysis of the sands. 
Table 3-5:Hydraulic Conductivity Coefficient Table. 
Sand Type Grain Sizes(mm) D10, D60(mm) Hydraulic 
Conductivity 
Coefficient (m/s) 
Native 0.08-0.7 0.12,0.21 1.44*10^-4 
Backfill 1 and Backfill 2 0.5-0.84 0.42,0.61 1.764*10^-3 
Backfill 3 1.4-2 1.5,1.8 2.25*10^-2 
 
3.3.2.1 Uniform Test 
Test sand was added in the same fashion as benchmark tests after placing coarser sand of 1.1 cm 
thickness in between two Geotextile layers at the bottom of soil box as shown in Figure 3-9.  
 
Figure 3-9: Empty Soil box with RTD’s positioned and coarser sand below Geotextile. 
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The Geotextile layer with coarser sand at the bottom worked as a filter and also ensured the even 
allowance of water flow through the soil box. Same amount of pressure was applied using dead 
weight as benchmark tests. The heater was positioned at designated burial depth and several 
thermistors were positioned properly. A water tank with tubing and valves was connected to the 
soil box to pass water slowly from the bottom of the soil box. The clearance between top of the 
soil box and soil surface was 10 cm as shown in Figure 3-10.  Water level indicator installed at 
the other side of the box showed the water level inside the soil box. The water was allowed to 
pass very slowly maintaining 15 cm of water head difference to avoid piping and disturbances in 
sand. 
 
Figure 3-10: Saturation of test sand. 
After saturation, the following parameters were calculated for dry sand density of 1448 Kg/m3 as 
presented in Table 3-6. 
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Table 3-6:Parameters obtained from uniform saturation test. 
Sand Type Silica 
Burial Depth, D 4.04d 
Void Ratio, e 0.84 
Relative Density, Dr 35.25% 
Porosity of Sand, n 0.46 
Degree of Saturation, Sr 60.1% 
 
Here, the relative density was calculated using prior test data of maximum void ratio and 
minimum void ratio for the same test sand. More water was added slowly so that the soil medium 
became submerged under water which protected the soil medium from exposing to atmospheric  
 
Figure 3-11: Schematic diagram for uniform saturated sand test. 
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air and decreasing degree of saturation of sand.  Before placing the soil box inside the ice water 
containing box, enough ice was placed below the soil box. A perforated sheet as shown in Figure 
3-11 protects the soil bed from any disturbances that might occur during adding ice blocks while 
allowing for natural convection to take place smoothly. After putting ice-water in the 
surrounding gaps of the ice-water box in a fashion to have boundary temperature close to 0oC, 
the test was started. 
3.3.2.2 Open Trench Test 
One open trench test i.e. without backfilling the trench was performed at the same burial depth of 
the uniform soil test to check the behavior of the model. A trench of slope ratio 1:1 was aimed to 
excavate using a custom-made trench tool fabricated from high-density polyurethane board as 
 
Figure 3-12: Trenching in sand. 
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as shown in Figure 3-12. But the actual slope was obtained 1.7:1 because the soil was left over 
the shoulders and washed down the slope, making it less steep.  At the time of trenching the sand 
medium was kept under water to maintain the same degree of saturation achieved before. The 
relative density of the sand was quite low as shown is Table 3-6. and waves were also generated 
during movement of the soil box. So, all the trenching works were done inside the ice water 
containing box after placing the soil box at proper position. Enough ice at the bottom of the soil 
box was ensured before starting the trenching work and the thermistors and heater were also 
placed carefully. The heater temperature was set to 10oC at first and because of the power 
requirement of the heater it gradually increased up to 23.71oC. Figure 3-13 shows the heater 
placed in the open trench without backfill. 
 
Figure 3-13: Pipe or heater placed in open trench. 
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3.3.2.3 Backfill Tests 
After the open trench test, three backfill tests were carried out at two burial depths of D/d= 4.04 
and D/d= 4.46 to investigate the behavior of the model. The backfill sands were saturated 
following the same procedure described in section 3.3.1 in a small container under atmospheric 
pressure. The trench was then filled with the saturated backfill sand carefully (Figure 3-14). 
Several thermistors were positioned at different locations and the data from them recorded 
accordingly. Same grain size sands were used for Backfill test 1 and 2 and larger grain size sand 
was used for Backfill test 3 as illustrated at Table 3-4. The slope ratio was 1.7:1 for backfill test 
1 and backfill test 2 but 1:1 for backfill test 3. The aim of trenching was to create the slope of 
ratio 1:1 but during trenching before open trench test the soil was left over the shoulders and 
made the slope less steep. But during second trenching after backfill test 2, it was ensured to 
have the slope ratio 1:1 in the trench. 
 
Figure 3-14: After backfilling the trench. 
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Chapter 4 
4 Results and Discussions 
 Benchmark Tests Result and Validation 
The experimental model has been validated using the results from benchmark tests and the model 
developed by Hahne and Grigull (1975) as explained in section 2.2. Figure 4-1 shows the power 
required by the heater (pipe model) per unit length, varying the temperature difference at 
different burial depths, d. The curves imply the deviation from the analytical result is greater at 
shallower depths of buried pipe, for example D/d=0.79, and the error decreases as the burial 
depth increases.  This is since for the shallow burial depths the pipe model is close to the lid of 
the box, so the power requirements may fluctuate significantly because the boundary 
temperatures were controlled manually using ice blocks. For deeper burial depths, as the soil bed 
thickness increases, steady state power requirements have been observed. The maximum average 
percentage of error was observed for burial depth, D/d=0.79 (i.e. around 8.1%) and the minimum 
average percentage of error was 3.7% for D/d=5. The shape factors obtained from the 
experimental results of benchmark tests have been made dimensionless choosing heater or pipe 
length as the length scale. Dimensionless shape factors decrease with an increase in the burial 
depth. Figure 4-2 shows the trend of dimensional shape factor for experimental outputs and 
analytical model results obtained from benchmark tests using different burial depths, where, 
constant temperature boundary condition is the model proposed by Hahne and Grigull (Equation 
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2.6) and constant flux boundary condition is the model developed by Thiyagarajan and 
Yovanovich (Equation 2.7). 
 
Figure 4-1: Power vs. boundary temperature difference graph at different burial depths for benchmark tests. 
Shapiro-Wilk’s test (Royston,1992) confirms that the outputs for both analytical Hahne and 
Grigull (1975) model and experimental models are normally distributed. Though the sample size 
is small as the tests are time consuming, after satisfying the assumptions of Welch's t-test 
(Johnson and Wichern,1992) it confirms that at 95% confidence interval the null hypothesis (i.e. 
both means are the same) is true as the p value becomes 0.733. 
Using the accuracy of ±10% for Cartridge Heater and Thermal Property Analyzer as suggested 
by the manufacturer, the evaluated maximum uncertainty was 14.14% for the experimental set 
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up. Figure 4-2 also, shows that the analytical results fall between the uncertainty margin which 
proves the legitimacy of the experiments. 
 
Figure 4-2: Dimensionless shape factor comparison for different burial depths from benchmark tests. 
A family of cool down curves of pipe wall temperatures is shown in Figure 4-3 for a burial depth 
of 5d. The figure illustrates the behavior of buried pipes after shutdown for benchmark tests (dry 
sand tests) using three different pipeline initial temperatures. The general thermal response 
follows the typical cool down trend shown in Figure 1-2. The temperature of the pipeline should 
not fall below the critical temperature as that will lead to flow assurance issues such as hydrate 
formation. The shut down tests have been performed by disconnecting the heater from the power 
source and recording the temperatures until they have reached a steady state. 
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Figure 4-3: Cool down curves of pipe wall for burial depth of 5d from benchmark tests. 
A series of CFD simulations have also been carried out for the same thermal conditions. The 
CFD simulations fall outside of the scope of the present thesis and are discussed in detail in 
another publication (Haghighi et al, 2017). The results of the numerical modeling are also in 
good agreement with the experimental results as shown in Figure 4-3. The numerical model 
assumes the heat dissipation is through the surrounding medium of the buried pipe and ignores 
the thermal energy stored in the pipeline. This leads to a small difference from the experimental 
results, but the overall difference is under 10%. 
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 Saturated Tests Result 
Figure 4-4 and Figure 4-5 represent the power required by the heater (pipe model) per unit length 
based on a set pipe wall temperature. For the saturated tests, the curves (Figure 4-4 to Figure 4-6) 
are drawn for power per unit length of the heater versus average pipe wall temperature.  As the 
top boundary (i.e. top water surface) is 10 cm away from the soil bed and close to zero degree 
(0oC) Celsius temperature, average pipe wall temperature has been used in the horizontal axis of 
those curves. Four tests were performed with the same burial depths (i.e. uniform test, open 
trench test, backfill test 1 and backfill test 3). One backfill test (i.e. backfill test 2) was carried  
 
 
Figure 4-4: Power vs. pipe wall temperature curves for forward tests. 
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out at higher burial depth (i.e. D/d= 4.46). Power requirement for the open trench test should be 
high as the pipe was exposed to water and significant heat loss can be monitored due to 
convection. But it can be seen from Figure 4-4 and Figure 4-5 that the power requirement for the 
uniform test was high compared to the backfill test 1 and backfill fill test 2. As larger grain size 
sand was used to backfill the trench than the native sand, more water became trapped in that area 
which reduces the overall thermal conductivity in that region. However, the porosity of the 
backfill sand was not high enough that would allow the trapped water to circulate and generate 
significant natural convection. Backfill test 3 shows the effect of natural convection in the 
system as larger grain size sand used for backfilling the trench in this case. The porosity and 
permeability of the backfill sand were large enough which allowed the trapped water to circulate 
and induce natural convection. Further increase in grain size of the backfill sand will further 
increase heat loss due to significant natural convection as observed by far in the tests. 
 
Figure 4-5: Power vs. pipe wall temperature curves for backward tests. 
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The overall thermal conductivity measured in the backfill zone for backfill test 1 and backfill test 
2 were lower than the native sand which also implies less heat dissipation through the backfill 
area. In case of backfill test 2, as the burial depth for backfill test 2 is higher than the backfill test 
1, lower heat loss can be seen in Figure 4-4 and Figure 4-5 for backfill test 2. Because of the 
greater burial depth, soil bed thickness is greater in case of backfill test 2 which provides more 
thermal insulation. 
For backfill test 3, larger grain size sand was used than the backfill test 1 and backfill test 2. The 
hydraulic conductivity coefficient of the backfill sand used in this test is much higher than the 
backfill sand used for backfill test 1 and backfill test 2. Figure 4-4 and Figure 4-5 illustrate that 
power requirement per unit length of heater is higher for backfill test 3 than the uniform test. The 
effect of natural convection can be seen from backfill test 3. The permeability and porosity of the 
backfill sand used for this test allows the trapped water to circulate and induce heat loss through 
natural convection. However, the heat loss through natural convection was less in this case but 
use of larger grain size sand for backfilling can lead to significant heat loss.  
Figure 4-6 represents a comparison of the power requirement per unit length at different pipe 
wall temperatures between experimental outputs and using the shape factor model. The results 
obtained from the shape factor model (Hahne and Grigull,1975) are very close to the results 
obtained from the backfill test 1 for burial depth, D/d= 4.04. The permeability and porosity of 
backfill soil used in this case were not high enough compare to the native sand to allow the 
natural convection. As the shape factor model is based on the heat loss through conduction, so it 
can be concluded that, in the backfill test 1 and backfill test 2, the overall heat loss reduced 
compared to the uniform test and conduction was more dominant over natural convection. 
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Figure 4-6: Power comparison between backfill test 1 (saturated) and analytical shape factor model for 
D/d=4.04. 
 
 Saturated Tests Cooldown Curves 
The heat loss mechanisms through the process discussed above are from steady state analysis. 
Transient response of the pipeline is also important to capture shutdown phenomena and 
ensuring the production flow temperature does not fall below the critical temperature, as that will 
lead to flow assurance issues such as hydrate formation (Sadegh et al, 1987).  
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Figure 4-7: Cool down curves of pipe wall for uniform test. 
 
 
Figure 4-8: Cool down curves of pipe wall for open trench test. 
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Figure 4-9: Cooldown curves of pipe wall for backfill test 1 at burial depth, D/d=4.04. 
 
Figure 4-10: Cooldown curves of pipe wall for backfill test 2 at burial depth, D/d=4.46. 
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Figure 4-11: Cooldown curves of pipe wall for backfill test 3 at burial depth, D/d=4.04. 
Shutdown tests were performed for each saturated sand tests to capture the transient behaviour of 
the model. More detailed CFD simulations will be performed in future studies to understand the 
effects of various backfill conditions on the production cooldown process. Figure 4-7 and Figure 
4-8 show the temperature response with respect to time during shutdown for uniform test and 
open trench test. During open trench test the pipeline was fully exposed to water and sudden 
temperature drop can be observed from Figure 4-8 due to high convective heat transfer 
coefficient of water. Figure 4-9 to Figure 4-11 show the thermal response of backfill tests 
performed for three conditions during cool down tests. The general thermal response follows the 
typical cool down trend shown in Figure 1-2.  
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Figure 4-12: Cooldown curves for different saturated tests. 
 
Figure 4-12 shows the cooldown curves generated from different saturated tests. It is visible 
from the figure that for backfill test 1 and backfill test 2 the no touch time is more which was 
discussed in the section 1.1 of this thesis. But for backfill test 3 as natural convection is taking 
place the temperature is decreasing faster than backfill test 1 and backfill test 2. This may lead to 
fall the pipeline temperature below critical temperature and inducing several flow assurance 
issues. The cool down time is important and should be large enough to provide the pipeline 
operators sufficient time to find and fix issues. The shut down tests have been performed by 
disconnecting the heater from the power source and recording the temperatures until they have 
reached a steady state. 
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Chapter 5 
5 Conclusions 
This chapter presents a review of the main contributions of this thesis in flow assurance 
modelling for offshore oil and gas applications. Recommendations for future work with practical 
implementation is briefly proposed in this chapter as well. 
 Review of Important Observations 
The present thesis is mainly focused on the experimental modelling of the heat loss mechanism 
from offshore buried pipelines in a semi-infinite porous medium. The main contributions of the 
thesis can be described as follows: 
 The thesis includes a literature review relevant to the heat loss mechanism from offshore 
buried pipeline and describes different theoretical models proposed by various 
researchers, as well as the current gaps in knowledge e.g. lack of heat transfer models for 
buried pipelines in saturated soil medium. 
 Previous works related to heat loss from offshore buried pipeline were solely focused to 
conduction problem only. This research aimed to draw attention regarding effect of 
natural convection in the heat loss mechanism from offshore buried pipeline. 
 Design of experiments and experimental setup were challenging tasks and detail 
description of the process involved with those are discussed in detail in the thesis. 
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 Validation of the experimental model was performed utilizing analytical shape factor 
models and early performed numerical analysis. Two steps validation of the model 
proves the legitimacy of the experimental analysis. 
 Statistical and Uncertainty analysis were also performed to ensure the normal distribution 
of the experimental outputs. The experimental results obtained from the benchmark tests 
fall between the uncertainty margin which also establish the statistical stability of the 
outputs. 
 Benchmark tests showed deeper burial depths result in better agreement with analytical 
models. We choose burial depth in a range of 3d to 5d for our further saturated 
experiments. 
 A Sample test was carried out to check the degree of saturation of the native sand 
obtained through the saturation process under atmospheric pressure. The degree of 
saturation of sand obtained through sample test was 66.5%.  The sands for future 
saturated tests were saturated under atmospheric pressure as prior studies reported that, 
thermal conductivity and hydraulic conductivity increases sharply up to 70% 
(approximately) of the degree of saturation of the sand. 
 Five different saturated tests were performed at two different burial depths. Heat loss 
through natural convection can be significant if the porosity and permeability of the 
backfill sand are large enough to allow circulation of the trapped water. The thesis also 
shows that overall heat loss can be less than the uniform test (without backfill) if the 
trapped water in the backfill sand can not circulate as the overall heat transfer coefficient 
decreases in this case. However, with further increase in the grain size it is expected that 
greater heat loss will happen due to increase in the natural convection. 
 61 
 
 Future Recommendations 
In conclusion, the results from this testing program look promising and are currently being used 
to plan and design the upcoming tests. Several recommendations can be proposed to carry out 
future tests and establishing very useful model to calculate heat loss from offshore buried 
pipeline. 
 All the tests were conducted using only one heater or pipe model of same power. 
Multiple heaters of different powers and same power can be used to investigate the heat 
loss on superimposed temperature fields. 
 Two trench angles of slope ratio 1.7:1 and 1:1 were used to trench and burying the pipe. 
Experiments with several trench angles will make model more suitable and will provide 
valuable prediction of heat loss from offshore buried pipelines.  
 As the soil type can vary from clay to gravel in offshore conditions, more tests using a 
wide range of backfill soil will increase the applicability of the experimental model. 
 Degree of saturation of the native and backfill soil can be increased by saturating them 
under vacuum. Future tests with higher degree of saturation of soil will catch more actual 
heat loss mechanism in offshore condition. 
 As the experiments demand additional time, numerical modelling can be a good choice in 
this regard which can save in cost and time.  The results from experimental outputs can 
be compared with numerical model and the validated numerical model can be utilized 
widely through industry as a tool in pipeline design for offshore buried pipelines. 
 Development of new correlations or models for heat loss from offshore buried pipeline 
can be another important prospect for future research. 
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Appendix A- Benchmark Tests Results 
Benchmark Tests 
Heater Length, L= 850.9 mm 
Dry Test 1: 
Burial 
Depth 
Ratio 
(D/d) 
Theater Tboundary ΔT 
Ptotal 
(Experimental) 
Punit-length 
(Experimental) 
Punit-length     
(Analytical) 
Difference 
Experimental 
Shape Factor 
Experimental 
Average 
Shape Factor 
Analytical 
Shape 
Factor, 
T=C 
Analytical 
Shape 
Factor, 
q=C 
0
.8
 
oC oC oC W (W/m) (W/m) % 
   
 
23.41 0.87 22.54 16.023 18.83 20.8 -9.5 3.54 
3.58 3.90 
 
3.73 
 
32.81 1.07 31.74 22.869 26.88 29.2 -8.0 3.59 
42.18 1.39 40.79 28.6 33.61 37.6 -10.6 3.49 
51.55 1.68 49.87 35.41 41.61 45.9 -9.3 3.54 
61.03 2.04 58.99 42.693 50.17 54.3 -7.6 3.60 
65.69 2.22 63.47 45.57 53.56 58.5 -8.5 3.58 
60.71 2.16 58.55 44.65 52.47 53.9 -2.6 3.80 
52.85 1.83 51.02 35.7 41.96 47 -10.7 3.48 
41.79 1.34 40.45 28.98 34.06 37.3 -8.7 3.57 
32.49 1.04 31.45 23.1 27.15 29 -6.4 3.66 
23.21 0.72 22.49 16.17 19.00 20.7 -8.2 3.58 
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Dry Test 2: 
Burial 
Depth 
Ratio 
(D/d) 
Theater Tboundary ΔT 
Ptotal 
(Experimental) 
Punit-length 
(Experimental) 
Punit-length     
(Analytical) 
Difference 
Experimental 
Shape Factor 
Experimental 
Average 
Shape Factor 
Analytical 
Shape 
Factor, 
T=C 
Analytical 
Shape 
Factor, 
q=C 
1
.9
1
 
oC oC oC W (W/m) (W/m) % 
   
 
22.81 1.89 20.92 12.00 14.10 13.80 2.15 2.86 
2.66 2.79 
 
2.76 
 
32.34 -0.02 32.36 16.95 19.92 21.30 -6.49 2.61 
41.85 0.01 41.84 21.72 25.52 27.50 -7.20 2.58 
51.38 0.16 51.22 27.25 32.02 33.70 -4.98 2.65 
60.70 0.29 60.41 32.97 38.74 39.70 -2.41 2.72 
64.12 0.89 63.23 34.36 40.38 41.60 -2.94 2.71 
60.52 0.92 59.60 31.32 36.81 39.20 -6.10 2.62 
51.32 1.19 50.13 27.14 31.90 33.00 -3.33 2.70 
41.85 1.01 40.84 21.30 25.03 26.90 -6.95 2.60 
32.44 0.47 31.97 17.12 20.12 21.00 -4.18 2.67 
23.04 0.31 22.73 11.69 13.74 14.90 -7.77 2.56 
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Dry Test 3: 
Burial 
Depth 
Ratio 
(D/d) 
Theater Tboundary ΔT 
Ptotal 
(Experimental) 
Punit-length 
(Experimental) 
Punit-length     
(Analytical) 
Difference 
Experimental 
Shape Factor 
Experimental 
Average 
Shape Factor 
Analytical 
Shape 
Factor, 
T=C 
Analytical 
Shape 
Factor, 
q=C 
2
.8
6
 
oC oC oC W (W/m) (W/m) % 
   
 
23.39 -0.23 23.62 10.84 12.74 13.50 -5.63 2.29 
2.33 2.42 
 
2.41 
 
32.92 -0.12 33.04 15.35 18.04 18.90 -4.55 2.31 
42.32 0.10 42.22 20.13 23.66 24.10 -1.84 2.37 
51.59 1.59 50.00 24.20 28.44 28.60 -0.56 2.41 
61.30 -0.05 61.35 28.57 33.58 35.10 -4.34 2.32 
70.71 0.48 70.23 33.33 39.17 40.20 -2.56 2.36 
75.39 2.10 73.29 34.62 40.69 41.90 -2.90 2.35 
70.77 0.08 70.69 33.00 38.78 40.40 -4.00 2.32 
61.23 0.01 61.22 28.33 33.29 35.00 -4.87 2.30 
51.53 1.88 49.65 23.27 27.35 28.40 -3.71 2.33 
42.33 -0.03 42.36 19.61 23.05 24.20 -4.77 2.31 
32.83 -0.12 32.95 14.98 17.60 18.80 -6.36 2.26 
23.32 0.00 23.32 10.76 12.65 13.30 -4.92 2.30 
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Dry Test 4: 
Burial 
Depth 
Ratio 
(D/d) 
Theater Tboundary ΔT 
Ptotal 
(Experimental) 
Punit-length 
(Experimental) 
Punit-length     
(Analytical) 
Difference 
Experimental 
Shape Factor 
Experimental 
Average 
Shape Factor 
Analytical 
Shape 
Factor, 
T=C 
Analytical 
Shape 
Factor, 
q=C 
5
 
oC oC oC W (W/m) (W/m) % 
   
 
22.98 -0.04 23.02 8.90 10.45 11.10 -5.82 1.92 
1.95 2.03 
 
2.03 
 
32.43 0.01 32.42 12.42 14.60 15.60 -6.41 1.91 
41.85 0.07 41.78 16.99 19.97 20.10 -0.66 2.03 
51.16 0.48 50.68 20.40 23.97 24.30 -1.34 2.00 
60.56 0.18 60.38 24.41 28.69 29.00 -1.08 2.01 
69.71 0.65 69.06 27.74 32.60 33.20 -1.80 2.00 
79.44 1.08 78.36 30.75 36.14 37.60 -3.89 1.95 
69.77 0.71 69.06 27.77 32.64 33.20 -1.70 2.00 
60.50 0.39 60.11 23.25 27.32 28.90 -5.45 1.93 
51.06 0.21 50.85 19.87 23.35 24.40 -4.30 1.95 
41.52 0.14 41.38 15.86 18.64 19.90 -6.34 1.91 
32.25 0.02 32.23 12.32 14.48 15.50 -6.59 1.90 
22.87 -0.02 22.88 8.72 10.25 11.00 -6.84 1.90 
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Calibration of RTDs 
   
Set Temperature (oC) 
   
80 40 5 -5 
Serial RTD number Offset     
1 22 1.78 80 39.97 4.98 -5.06 
2 33 1.65 80.16 40.11 5.098 -4.905 
3 32 1.76 80.08 40.05 5.067 -4.932 
4 29 1.89 80.06 39.89 5.052 -4.945 
5 39 1.86 79.76 39.87 4.985 -4.972 
6 37 1.84 79.85 39.88 5.006 -4.972 
7 15 1.78 80.18 40.07 5.13 -4.842 
8 42 1.91 80.16 40.04 5.03 -4.97 
9 4 1.94 80.17 39.98 4.97 -5.02 
10 25 1.95 80.05 39.97 5.01 -4.972 
11 36 1.7 79.71 39.83 5.145 -4.725 
12 30 1.97 79.91 39.89 5.01 -4.935 
13 35 1.81 80.15 40.08 5.055 -4.945 
14 31 1.81 80.01 39.96 5.002 -4.975 
15 23 1.74 80.08 40.04 5.04 -4.945 
16 1 1.84 79.87 39.88 4.995 -4.94 
17 18 1.77 79.91 39.93 5.005 -4.96 
18 38 1.76 80.07 39.99 5.043 -4.92 
19 41 1.74 80.09 40.05 5.07 -4.935 
20 3 1.95 80.08 40.01 5.01 -4.98 
21 27 1.79 79.98 40 5.075 -4.897 
22 21 1.73 79.98 39.98 5.035 -4.95 
23 40 1.74 79.97 39.97 5.033 -4.95 
24 26 1.76 80.02 40 5.042 -4.94 
25 34 1.75 80.01 39.97 4.995 -5.01 
26 45 1.96 80.05 39.98 4.985 -5.02 
27 13 1.96 80.12 40.06 5.07 -4.935 
28 20 1.79 79.9 39.92 5.04 -4.92 
29 28 1.77 79.92 39.88 4.981 -4.98 
30 19 1.68 80.09 40.05 5.03 -4.97 
31 34 1.75 80.18 40.08 5.084 -4.9 
       
 
Average 
 
80.02 39.98 5.03 -4.95 
       
 
Percentage Error 
 
0.02298 -0.05 0.69226 -1.0826 
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Uncertainty Analysis 
Dry Test 1: 
Punit-length 
(Experimental) 
Shape Factor 
(Experimental)          
(W/m) 
 
aq at ak k wq wt wk ws % ws 
18.83 3.54 1 -1 -1 0.24 1.88 0.01 0.02 0.50 14.14 
26.88 3.59 1 -1 -1 0.24 2.69 0.01 0.02 0.51 14.14 
33.61 3.49 1 -1 -1 0.24 3.36 0.01 0.02 0.49 14.14 
41.61 3.54 1 -1 -1 0.24 4.16 0.01 0.02 0.50 14.14 
50.17 3.60 1 -1 -1 0.24 5.02 0.01 0.02 0.51 14.14 
53.56 3.58 1 -1 -1 0.24 5.36 0.01 0.02 0.51 14.14 
52.47 3.80 1 -1 -1 0.24 5.25 0.01 0.02 0.54 14.14 
41.96 3.48 1 -1 -1 0.24 4.20 0.01 0.02 0.49 14.14 
34.06 3.57 1 -1 -1 0.24 3.41 0.01 0.02 0.50 14.14 
27.15 3.66 1 -1 -1 0.24 2.71 0.01 0.02 0.52 14.14 
19.00 3.58 1 -1 -1 0.24 1.90 0.01 0.02 0.51 14.14 
 
Dry Test 2: 
Punit-length 
(Experimental) 
Shape Factor 
(Experimental)          
(W/m) 
 
aq at ak k wq wt wk ws % ws 
14.10 2.86 1 -1 -1 0.24 1.41 0.01 0.02 0.40 14.14 
19.92 2.61 1 -1 -1 0.24 1.99 0.01 0.02 0.37 14.14 
25.52 2.58 1 -1 -1 0.24 2.55 0.01 0.02 0.37 14.14 
32.02 2.65 1 -1 -1 0.24 3.20 0.01 0.02 0.37 14.14 
38.74 2.72 1 -1 -1 0.24 3.87 0.01 0.02 0.38 14.14 
40.38 2.71 1 -1 -1 0.24 4.04 0.01 0.02 0.38 14.14 
36.81 2.62 1 -1 -1 0.24 3.68 0.01 0.02 0.37 14.14 
31.90 2.70 1 -1 -1 0.24 3.19 0.01 0.02 0.38 14.14 
25.03 2.60 1 -1 -1 0.24 2.50 0.01 0.02 0.37 14.14 
20.12 2.67 1 -1 -1 0.24 2.01 0.01 0.02 0.38 14.14 
13.74 2.56 1 -1 -1 0.24 1.37 0.01 0.02 0.36 14.14 
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Dry Test 3: 
Punit-length 
(Experimental) 
Shape Factor 
(Experimental)          
(W/m) 
 
aq at ak k wq wt wk ws % ws 
12.74 2.29 1 -1 -1 0.24 1.27 0.01 0.02 0.32 14.14 
18.04 2.31 1 -1 -1 0.24 1.80 0.01 0.02 0.33 14.14 
23.66 2.37 1 -1 -1 0.24 2.37 0.01 0.02 0.34 14.14 
28.44 2.41 1 -1 -1 0.24 2.84 0.01 0.02 0.34 14.14 
33.58 2.32 1 -1 -1 0.24 3.36 0.01 0.02 0.33 14.14 
39.17 2.36 1 -1 -1 0.24 3.92 0.01 0.02 0.33 14.14 
40.69 2.35 1 -1 -1 0.24 4.07 0.01 0.02 0.33 14.14 
38.78 2.32 1 -1 -1 0.24 3.88 0.01 0.02 0.33 14.14 
33.29 2.30 1 -1 -1 0.24 3.33 0.01 0.02 0.33 14.14 
27.35 2.33 1 -1 -1 0.24 2.73 0.01 0.02 0.33 14.14 
23.05 2.31 1 -1 -1 0.24 2.30 0.01 0.02 0.33 14.14 
17.60 2.26 1 -1 -1 0.24 1.76 0.01 0.02 0.32 14.14 
12.65 2.30 1 -1 -1 0.24 1.26 0.01 0.02 0.32 14.14 
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Dry Test 4: 
Punit-length 
(Experimental) 
Shape Factor 
(Experimental)          
(W/m) 
 
aq at ak k wq wt wk ws % ws 
10.45 1.92 1 -1 -1 0.24 1.05 0.01 0.02 0.27 14.14 
14.60 1.91 1 -1 -1 0.24 1.46 0.01 0.02 0.27 14.14 
19.97 2.03 1 -1 -1 0.24 2.00 0.01 0.02 0.29 14.14 
23.97 2.00 1 -1 -1 0.24 2.40 0.01 0.02 0.28 14.14 
28.69 2.01 1 -1 -1 0.24 2.87 0.01 0.02 0.28 14.14 
32.60 2.00 1 -1 -1 0.24 3.26 0.01 0.02 0.28 14.14 
36.14 1.95 1 -1 -1 0.24 3.61 0.01 0.02 0.28 14.14 
32.64 2.00 1 -1 -1 0.24 3.26 0.01 0.02 0.28 14.14 
27.32 1.93 1 -1 -1 0.24 2.73 0.01 0.02 0.27 14.14 
23.35 1.95 1 -1 -1 0.24 2.34 0.01 0.02 0.28 14.14 
18.64 1.91 1 -1 -1 0.24 1.86 0.01 0.02 0.27 14.14 
14.48 1.90 1 -1 -1 0.24 1.45 0.01 0.02 0.27 14.14 
10.25 1.90 1 -1 -1 0.24 1.02 0.01 0.02 0.27 14.14 
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Appendix B- Saturated Tests Results 
Sample Saturated Test 
 
Dry Conductivity (W/m-K) 0.23 
Density of Dry Sand (kg-m3) 1563.60 
Mass of container with fittings (kg) 0.67 
Mass of container with dry sand (kg) 6.93 
Mass of Dry sand (kg) 6.26 
Mass of valve with hose (kg) 0.19 
Mass of container with wet sand (kg) 8.82 
Mass of container with fittings and water (kg) 1.16 
Water trapped in fittings (kg) 0.49 
Mass of wet sand (kg) 7.48 
Mass of water content (kg) 1.22 
Porosity, n 0.41 
Volume of void, Vv (m3) 0.001831 
Volume of Water, Vw (m3) 0.001217 
So, Degree of saturation (Sr) 0.665 
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Properties of Saturated Sand 
Box weight with geo sheets, coarser sand,18 RTDs (kg) 404.00 
Weight of the dry fine sand (kg) 274.00 
Volume of the soil box filled with dry fine sand (m3) 0.19 
Density of dry fine sand (kg/m3) 1448.29 
Valve weight attached with the box (kg) 0.37 
Perforated Sheet weight (kg) 2.6 
Washer and bolts weight (kg) 1.12 
Saturated sand weight with fittings (kg) 784.00 
Water height excess from top of the box (cm) 6.8 
Excess water volume (m3) 0.051 
Excess water weight (kg) 50.85 
Saturated sand weight (kg) 325.80 
Water Content (kg) 51.80 
ρmax 1650.5 
ρmin 1357.75 
Specific Gravity, G 2.66 
Water Density, ρwater 1000 
Void Ratio, e 0.84 
emax 0.96 
emin 0.61 
Relative Density, Dr (%) 35.25 
Porosity, n 0.46 
Volume of void, Vv (m3) 0.086 
Volume of Water, Vw (m3) 
0.052 
So, Degree of saturation, Sr 
0.601 
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Uniform Test 
Pipe Wall Temperature (oC) Heater Current (A) Power (W/m) 
24.10 0.69 97.20 
33.48 0.89 125.69 
43.45 1.20 169.65 
53.11 1.46 206.42 
63.22 1.69 239.12 
66.78 1.72 243.13 
63.55 1.64 231.17 
53.62 1.39 196.59 
43.85 1.14 160.84 
33.89 0.84 118.41 
24.27 0.65 91.85 
 
Open Trench Test 
Pipe Wall Temperature (oC) Heater Current (A) Power (W/m) 
9.61 
0.38 
53.12 
13.83 0.73 103.93 
17.77 1.23 173.01 
21.61 1.58 223.66 
23.71 1.71 240.70 
21.83 1.50 211.65 
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17.78 1.18 166.49 
14.02 0.71 99.71 
9.67 0.33 46.55 
 
Backfill Test 1 
Pipe Wall Temperature (oC) Heater Current (A) Power (W/m) 
9.43 
0.20 
28.65 
19.07 0.46 64.58 
23.98 0.55 77.62 
28.69 0.71 99.86 
33.43 0.80 112.85 
38.13 0.90 127.42 
42.90 1.05 148.65 
47.91 1.21 170.59 
52.70 1.30 183.28 
62.42 1.50 210.89 
67.29 1.58 222.59 
72.12 1.66 234.30 
62.40 1.43 201.63 
52.64 1.26 177.73 
47.83 1.11 156.85 
42.79 0.93 130.63 
33.27 0.71 100.61 
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23.74 0.46 64.77 
14.24 0.27 37.86 
9.50 0.16 22.93 
 
Backfill Test 2 
Pipe Wall Temperature (oC) Heater Current (A) Power (W/m) 
9.11 
0.21 
29.07 
18.65 0.45 63.47 
23.69 0.57 81.03 
33.36 0.83 117.64 
38.14 0.92 130.32 
42.98 1.11 157.21 
52.83 1.34 189.07 
62.52 1.54 217.71 
72.76 1.71 241.58 
62.21 1.44 202.88 
52.51 1.27 179.01 
42.68 0.96 135.52 
37.86 0.83 116.37 
33.09 0.73 102.25 
23.63 0.49 69.08 
14.09 0.26 36.00 
9.31 0.16 23.04 
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Backfill Test 3 
Pipe Wall Temperature (oC) Heater Current (A) Power (W/m) 
9.32 
0.31 
43.92 
18.76 0.47 66.03 
23.52 0.65 91.04 
33.29 0.94 132.51 
38.32 1.08 152.14 
42.97 1.26 177.07 
53.42 1.51 212.26 
63.22 1.74 245.56 
52.96 
1.41 198.30 
42.42 1.16 163.84 
37.66 0.99 140.19 
32.87 0.87 122.69 
23.38 0.66 93.25 
13.92 0.43 60.99 
9.25 0.29 41.48 
 
 
